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a b s t r a c t
Huntington's disease is a neurodegenerative disorder, attributable to an expanded trinucleotide repeat in
the coding region of the human HTT gene, which encodes the protein huntingtin. These mutations lead
to huntingtin fragment inclusions in the striatum of the brain. However, the exact function of normal
huntingtin and the defect causing the disease remain obscure. Because there are indications that
huntingtin plays a role in Ca2þ homeostasis, we studied the deletion mutant of the HTT ortholog in the
model developmental system Dictyostelium discoideum, in which Ca2þ plays a role in receptor-regulated
behavior related to the aggregation process that leads to multicellular morphogenesis. The D. discoideum
htt-mutant failed to undergo both Kþ-facilitated chemotaxis in spatial gradients of the major
chemoattractant cAMP, and chemotaxis up a spatial gradient of Ca2þ , but behaved normally in Ca2þ-
facilitated cAMP chemotaxis and Ca2þ-dependent ﬂow-directed motility. This was the same phenotypic
proﬁle of the null mutant of Nhel, a monovalent cation/Hþexchanger. The htt-mutant also failed to
orient correctly during natural aggregation, as was the case for the Nhel mutant. Moreover, in a Kþ-
based buffer the normal localization of actin was similarly defective in both htt and nhe1 cells in a
Kþ-based buffer, and the normal localization of Nhe1 was disrupted in the htt mutant. These
observations demonstrate that Htt and Nhel play roles in the same speciﬁc cation-facilitated behaviors
and that Nhel localization is directly or indirectly regulated by Htt. Similar cation-dependent behaviors
and a similar relationship between Htt and Nhe1 have not been reported for mammalian neurons and
deserves investigation, especially as it may relate to Huntington's disease.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Huntington's disease (HD), formerly known as Huntington's
chorea (Huntington, 1872), is an autosomal dominant neurode-
generative disorder, resulting from a CAG trinucleotide repeat
expansion mutation in the huntingtin gene (HTT). This results in
a longer dysfunctional version of a normally polymorphic poly-
glutamine segment (polyQ437 residues) at the amino-terminus
of the huntingtin protein (The Huntington's Disease Collaborative
Research Group, 1993; Gusella and MacDonald, 1995; DiFiglia
et al., 1995). Mutated huntingtin eventually forms aggregates
within medium spiny neurons in the striatum of the brain
(Hsiao and Chern, 2010) and results in progressive neuronal loss,
motor disturbances, dementia, involuntary muscle spasms and
death (The Huntington's Disease Collaborative Research Group,
1993; Gusella and MacDonald, 1995; DiFiglia et al., 1995).
Huntingtin appears to be involved in a number of functions
(Cattaneo et al. 2005; Imarisio et al., 2008). However, the embryo-
nic lethality associated with loss of the huntingtin gene in the
mouse (Nasir et al., 1995) complicates attempts to understand the
basic function of huntingtin and the exact malfunctions contribut-
ing to HD. Because of the evolutionary conservation of the
huntingtin gene, lower eukaryotic systems provide the potential
for understanding huntingtin function. Consequently, the model
developmental organism D. discoideum (Williams et al., 2006;
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Myre, 2012; Müller-Taubenberger et al., 2013; Muñoz-Braceras
et al., 2013; Annesley et al., 2014), which undergoes cellular
locomotion and chemotaxis in a manner similar to human cells
(Cai and Devreotes, 2011; Wang et al., 2011a; Jin, 2013), has been
used to explore the role of huntingtin at the cellular level.
Wang et al. (2011b) and Myre et al. (2011) independently
disrupted htt, the ortholog of human HTT, in D. discoideum.
Normally, populations of D. discoideum amoebae, when starved
for nutrients on a substrate, aggregate by undergoing chemotaxis
in response to relayed outwardly moving, nondissipating waves of
the chemoattractant cAMP, released in a pulsatile fashion from
aggregation centers (Konijin et al., 1967; Gerisch et al., 1975;
Tomchik and Devreotes, 1981). Chemotactic orientation in the
increasing spatial gradient of cAMP in the front of each relayed
wave in a natural aggregation territory is facilitated by chemotaxis
up steep transient Ca2þ gradients generated between cells in
response to the onset of the front of each cAMP wave (Scherer et
al., 2010). Both Wang et al. (2011b) and Myre et al. (2011) showed
that htt cells were defective in chemotaxis in a spatial gradient of
cAMP generated in vitro.
Interestingly, the behavioral defects of htt cells were partially
rescued by raising the extracellular concentration of Ca2þ (Myre et
al., 2011). We previously had found that optimal chemotactic
orientation of D discoideum cells in a cAMP gradient generated
in vitro, required a threshold concentration of either the mono-
valent cation Kþ or the divalent cation Ca2þ (Lusche et al., 2009;
Lusche et al., 2011). Furthermore, we found that Nhe1, a mono-
valent cation/Hþ exchanger at the plasma membrane (Patel and
Barber, 2005), was essential for Kþ-facilitated, but not Ca2þ-
facilitated chemotaxis in a cAMP gradient (Lusche et al., 2011).
We also found that wild type D. discoideum cells undergo positive
chemotaxis in spatial gradients of Ca2þ generated in vitro (Scherer
et al., 2010). These studies (Lusche et al., 2009, 2011, 2012; Soll et
al., 2011; Wessels et al., 2012) and others showing that cAMP
induces the release of Ca2þ (Bumann et al., 1986; Bohme et al.,
1987), led us to the hypothesis that the onset of the front of each
cAMP wave during natural aggregation induces transient Ca2þ
gradients between cells that augment the accuracy of orientation
towards the aggregation center (Scherer et al., 2010; Lusche et al.,
2012; Wessels et al., 2012).
In our efforts to dissect the Ca2þ chemotaxis pathway, we
discovered that the inositol 1,4,5-trisphosphate receptor-like protein
IplA, a putative Ca2þ channel with homology to the mammalian
inositol (1,4,5) trisphosphate receptors, InsP3R (Traynor et al., 2000),
was essential for chemotaxis in a spatial gradient of Ca2þ and, as
previously shown, was essential for Ca2þ-dependent ﬂow-directed
motility (Lombardi et al., 2008), but was not essential for cAMP
chemotaxis facilitated by Ca2þ or Kþ (Lusche et al., 2012). We also
found that cells lacking myosin heavy chain kinase A (mhckA) or
myosin heavy chain kinase C (mhckC), were behavioral phenocopies
of the mutant iplA – i.e., they exhibited normal chemotaxis in
spatial gradients of cAMP, but were unable to undergo chemotaxis in
spatial gradients of Ca2þ (Wessels et al., 2012). This led us to
hypothesize that Ca2þ chemotaxis and cAMP chemotaxis were
regulated by different signal transduction pathways beginning with
different receptors and targeting different myosin heavy chain
kinases. In support of our hypothesis that the pathway for Ca2þ
chemotaxis functions in normal aggregation, we found that the three
mutants which failed to undergo Ca2þ chemotaxis in vitro (iplA ,
mhckA andmhckC), all exhibit a diminished capacity to accurately
orient in the front of successive cAMP waves during natural
aggregation (Lusche et al., 2012; Wessels et al., 2012). All three of
these mutants also lost Ca2þ-dependent ﬂow-directed motility
(Lusche et al., 2012; Wessels et al., 2012).
Ca2þ dysregulation has been documented in several neurode-
generative diseases (Mattson, 2007), including HD (Zundorf and
Reiser, 2011; Giacomello et al., 2011), and the Ca2þ-release
channel inositol-(1,4,5) trisphosphate receptor 1 (InsP3R1) has
been implicated in the disorder (Tang et al., 2009; Kaltenbach
et al., 2007; Matsumoto et al., 1996; Street et al., 1997;
Brezprozvanny, 2011). We therefore considered the hypothesis
that huntingtin played a role in Ca2þ chemotaxis, Ca2þ-dependent
ﬂow-directed motility, and Ca2þ-facilitated cAMP chemotaxis.
To explore this hypothesis, we tested the capacity of htt cells to
undergo four behaviors that are dependent on cations and involve
speciﬁc receptors, ions channels and/or monovalent cation
exchangers. The four include (1) Ca2þ-facilitated cAMP chemo-
taxis, which involves the cAMP receptor (Klein et al., 1988) and an
unidentiﬁed Ca2þ channel (Schaloske et al., 2005); (2) Kþ-facili-
tated cAMP chemotaxis, which involves the cAMP receptor and the
monovalent cation/Hþ exchanger Nhe1 (Patel and Barber, 2005;
Lusche et al., 2011); (3) Ca2þ-dependent ﬂow-directed motility,
which, as shown here, involves Nhe1 and, as previously shown,
IplA (Fache et al., 2005; Lusche et al., 2012); and (4) Ca2þ
chemotaxis (Scherer et al., 2010), which also involves IplA
(Lusche et al., 2012) and, as shown here, Nhe1. We demonstrate
here that huntingtin is essential for only two of these four cation-
dependent behaviors, namely, Kþ-facilitated cAMP chemotaxis
and Ca2þ chemotaxis, both of which also require Nhe1. Ca2þ-
dependent ﬂow-directed motility requires IplA, but as we show
here, is independent of Nhe1. Our results suggest that in
D. discoideum, the function of huntingtin is selectively intertwined
directly or indirectly with that of Nhe1 in two behavioral
responses involving different receptors and, surprisingly, different
downstream myosin heavy chain kinases (Wessels et al., 2012). Htt
plays no role in two additional responses involving the same
alternative receptors. In support of the observed functional asso-
ciation of Nhe1 and Htt, actin localization was similarly defective
in the nhe1 and htt mutants (Patel and Barber, 2005; observa-
tions presented here), and localization of Nhe1 was abnormal in
the htt mutant. To our knowledge, neither a relationship
between huntingtin and select receptor-mediated chemotaxis
systems, nor a relationship between huntingtin and a monovalent
cation/Hþ exchanger, has been reported for mammalian cells, and
therefore deserves scrutiny, especially as these observations
relate to HD.
Results
Huntingtin is not essential for Ca2þ-facilitated cAMP chemotaxis
To assess whether huntingtin is involved in chemotaxis of
D. discoideum amoebae in a shallow gradient of cAMP, in which
Ca2þ is the facilitating cation (Lusche et al., 2009, 2011), control Ax3
and htt cells were developed on ﬁlter pads saturated with MES
buffer containing 10 mM Ca2þ for 7 and 9 h, respectively, to achieve
chemotactic responsiveness (Lusche et al., 2009, 2011). Cells were
then dispersed on the bridge of a gradient chamber (Zigmond, 1977;
Varnum and Soll, 1984) (Fig. 1A) in which a solution of 106 M cAMP
in tricine buffer containing 10 mM Ca2þ (Ca2þ–tricine buffer) was
placed in the “source” well and a solution of Ca2þ–tricine buffer
lacking cAMP was placed in the “sink” well (Fig. 1A) (Lusche et al.,
2011). Ca2þ at a concentration of 10 mM in buffer containing a non-
facilitating concentration of monovalent cations has been shown to
facilitate efﬁcient chemotaxis of wild type cells in a spatial gradient
of cAMP generated in vitro (Lusche et al., 2009, 2011). Two indepen-
dently isolated htt strains, htta and httb, were compared to
parental Ax3 cells (controls) under these conditions. Cells of both
htt strains moved in a persistent fashion (Fig. 1D) up the gradient, in
a manner similar to that of parental Ax3 cells (Fig. 1C), at comparable
mean instantaneous velocities (Fig. 1E), and only slightly reduced
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chemotactic indices (CI) (Fig. 1E). (See Fig. 1B for a deﬁnition of CI).
The percent cells of both htt strains with positive CIs was close to
that of control cells (Fig. 1E).
Similar results were obtained in spatial gradients of cAMP
generated in Ca2þ–tricine buffer in a microﬂuidic chamber
(Fig. 2A) (Scherer et al., 2010). (Since similar results were obtained
with htta and httb, only the former are presented). Because the
generation of a gradient required a high ﬂow rate through the
microﬂuidic chamber, cells in this chamber were also challenged
with a rightward shear force (Fig. 2B), which induced ﬂow-
directed motility (Scherer et al., 2010). Since cAMP chemotaxis is
stronger than ﬂow-directed motility under the conditions
employed in the chamber (Scherer et al., 2010), cells moved up
the cAMP gradient, but with a rightward bias due to ﬂow.
Perimeter tracks generated from reconstructions by the software
program DIAS (Wessels et al., 2009; Soll and Voss, 1998) indicated
that Ax3 cells (Fig. 2C) and htt cells moved up the gradient with
similar rightward bias. Cells of the two strains moved with similar
mean instantaneous velocities, similar rightward directionality, a
measure of ﬂow-directed movement (see Fig. 2B for deﬁnition of
rightward directionality), similar CIs and similar proportions of
cells with positive CIs (Fig. 2E). Together, the results obtained in
the Zigmond chamber and the microﬂuidic chamber demonstrated
that Ca2þ-facilitated chemotaxis in a spatial gradient of cAMP is
intact in htt cells, and, therefore, huntingtin is not essential for
Ca2þ-facilitated chemotaxis in a spatial gradient of cAMP gener-
ated in vitro.
Further proof that huntingtin is not involved in ﬂow-directed motility
To conﬁrm that Ca2þ-dependent ﬂow-directed motility did not
require huntingtin, motility was assessed in the absence of a
chemotactic gradient in a microﬂuidic chamber in which cells were
exposed to shear force in a uniform ﬁeld of 10 mM Ca2þ . This was
achieved by pumping Ca2þ–tricine buffer through ﬂow channels “a”
and “b” of the chamber (Fig. 2A). As is apparent in the perimeter
plots of translocating cells, the majority of both parental Ax3 (Fig. 3A)
and htt cells (Fig. 3B) responded to the shear force, translocating
rightwardly in the direction of ﬂow. Cells of the parental strain Ax3
and the two mutant strains htta and httb exhibited similar
rightward directional parameters of 0.4470.28, 0.4270.28 for htt
and 0.5470.15, respectively (p values40.05) (Fig. 3C). They also
exhibited similar instaneous velocity and persistence values (Fig. 3C).
These results conﬁrm that huntingtin is not involved in Ca2þ-
dependent ﬂow-directed motility.
htt cells do not undergo Ca2þ chemotaxis
We next tested whether htt cells underwent chemotaxis in a
spatial gradient of Ca2þ in the absence of cAMP. Because of the
Fig. 1. htt cells exhibit robust chemotaxis in a cAMP gradient generated in tricine buffer containg 10 mM Ca2þ (Ca2þ–TB). (A) Diagram of the Zigmond chemotaxis chamber
(Zigmond, 1977; Varnum and Soll, 1984) used to assess chemotactic behavior. (B) The chemotactic index (C.I.) is calculated by dividing the net distance traveled towards the
source (dotted line, a) by the total distance traveled (blue line, b) (C and D). Representative stacked perimeter tracks of cells of parental strain Ax3 and the mutant htta
generated at 8 s intervals by 2D DIAS software. Arrows adjacent to perimeter plots represent the net direction of cellular translocation. The last perimeter plot in each series
is color-coded blue. Large arrows at the bottom of panels C and D represent the direction of the cAMP gradient. (E) Quantitation of motility parameters. The parameters are
deﬁned in the Methods section. No. cells, number of cells analyzed; Inst. vel., instantaneous velocity; (Percent cells Z9 mm/min); percent cells with velocities Z9 mm per
min; CI, chemotactic index; PercentþCI, percent cells with positive CIs. Values represent means7standard deviations.
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high diffusion constant of low molecular weight molecules such as
Ca2þ , the gradient chamber could not be employed, but the
microﬂuidic chamber, used here, was designed for that purpose
(Scherer et al., 2010). To achieve a Ca2þ gradient, Ca2þ–tricine
buffer was pumped through the “a” syringe and tricine buffer
lacking Ca2þ through the “b” syringe of the chamber (Fig. 2A).
As was the case in spatial gradients of cAMP in the microﬂuidic
chamber, the ﬂow rate necessary to establish a Ca2þ gradient
induced ﬂow-directed motility and thus a rightward bias of control
Ax3 cells moving up the Ca2þ gradient (Fig. 2B) (Scherer et al.,
2010; Lusche et al., 2011). The mean CI of Ax3 cells was
þ0.4470.31, percent positive chemotaxis 93% and rightward
directionality þ0.3670.21 (Fig. 4C). Mutant htta and httb cells
challenged with the same Ca2þ gradient in the microﬂuidic
chamber exhibited instantaneous velocities comparable to wild-
type cells (Fig. 4C). However, cells of both mutant strains failed to
undergo Ca2þ chemotaxis (Fig. 4B). Cells of htta and httb
exhibited CIs of þ0.0770.30 and -0.0870.32 (Fig. 4C). A CI of
0.00 reﬂects random directionality in relation to the Ca2þ gradi-
ent. In addition, cells of htta and httb exhibited a percent
positive chemotaxis value of 46% and 53%, respectively (Fig. 4C).
A value of 50% reﬂects random directionality in relation to the
Ca2þ gradient. However, cells of both htt strains exhibited very
strong rightward directionality values (Fig. 4C). The values were
identical to those observed in a microﬂuidic chamber in the
absence of a spatial gradient of chemoattractant (compare the
values in Fig. 3C with those in Fig. 4C). Therefore, huntingtin is
essential for Ca2þ chemotaxis, but unessential for Ca2þ-depen-
dent ﬂow-directed motility or Ca2þ-facilitated cAMP chemotaxis.
Chemotaxis of htt cells in natural aggregation territories is aberrant
Our observations, ﬁrst that D. discoideum amoebae undergo
chemotaxis in spatial gradients of Ca2þ (Scherer et al., 2010) and
second that the iplA mutant loses the capacity to undergo
chemotaxis in a spatial gradient of Ca2þ and undergoes abnormal
natural aggregation (Scherer et al., 2010; Lusche et al., 2011), led us
to the hypothesize that Ca2þ chemotaxis plays a role in natural
aggregation. In the hypothesis, it is proposed that the onset of each
natural wave induces a transient steep Ca2þ gradient that facil-
itates orientation towards the aggregation center in the cAMP
gradient (Scherer et al., 2010; Lusche et al., 2011; Wessels et al.,
2012). In support of this hypothesis, we further found iplA cells
(Lusche et al. 2012), myosin heavy chain kinase A mutant cells,
Fig. 2. htt cells exhibit robust chemotaxis in a spatial gradient of cAMP generated in Ca2þ–TB, under ﬂow conditions in a microﬂuidic chamber. (A) Diagram of the
microﬂuidic chamber (Scherer et al., 2010). Syringe a was ﬁlled with Ca2þ–TB containing 1 μm cAMP. Syringe b was ﬁlled with Ca2þ–TB alone. (B) The cAMP gradient was
generated in the area perpendicular to the direction of ﬂow in the area of analysis as indicated by the vertical and horizontal arrows, respectively. (C and D) Representative
stacked perimeter tracks of cells of parental strain Ax3 and the mutant htta generated at 8 s intervals by 2D-DIAS. Thin arrows at the top and bottom of each panel indicate
the contents and direction of ﬂow. Net direction of cell translocation is indicated by its adjacent arrow. Thick vertical arrow at the left side of each panel represents the
direction of the cAMP gradient. (E) Quantitation of behavior parameters. Right. direct. (rightward directionality) was measured as the net translocation to the right divided by
the length of the total translocation path. Values are presented as means7standard deviation. See legend to Fig. 1 for deﬁnitions of other abbreviations.
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mhckA (Wessels et al., 2012), and myosin heavy chain kinase
C mutant cells, mhckC (Wessels et al., 2012), all of which were
defective in Ca2þ chemotaxis, were also defective in the accuracy
of orientation at the onset of each relayed cAMP wave when
seeded in a majority population of naturally aggregating parental
Ax3 cells.
To test whether the behavior of htt cells was also defective in
natural aggregation, we ﬁrst tested whether homogeneous popu-
lations of htt cells underwent normal aggregation in a sub-
merged culture on a plastic substrate, as is the case for control
cells (Escalante et al., 1997; Wessels et al., 2009, 2012). The
periodicity of relayed waves under these conditions was deduced
from time plots of instantaneous velocity (Escalante et al., 1997;
Wessels et al., 1992), since cells undergo a velocity surge in the
front of each natural wave (Alcantara and Monk, 1971; Gerisch
et al., 1975; Wessels et al., 1992). In prior studies, we analyzed
natural aggregation in a buffered salts solution (BSS), which
contains monovalent cations for the facilitation of chemotaxis
(Lusche et al., 2011). However, in the present study we employed
10 mM Ca2þ rather than monovalent cations to facilitate cAMP
chemotaxis in a spatial gradient of cAMP (Lusche et al., 2009). We
therefore ﬁrst compared natural aggregation of control and
mutant cells in MES buffer containing 10 mM Ca2þ . Although this
concentration of Ca2þ did not interfere with the periodicity of
natural waves emanating from the aggregation center of parental
Ax3 cells (graph in Fig. 5A), it did interfere with directionality
towards the aggregation center (tracks in Fig. 5A). The angle of the
net direction of translocation in the front of each wave relative to
the direction of the aggregation center in 10 mM Ca2þ was
assessed, as diagramed in Fig. 5G, to be 417271 (Fig. 5C). A value
of 901 reﬂects random directionality and a value of 01 direct
movement towards the aggregation center. In 10 mM Ca2þ , the
periodicity of the waves of aggregating htta cells was similar to
that of parental Ax3 cells (graph in Fig. 5B), and the defect in
directionality similar as well, as was evident in a comparison of
tracks in Fig. 5A and B, respectively, and the direction of transloca-
tion (angle) in Fig. 5C. These initial results suggested to us that
10 mM Ca2þ in the supporting medium of natural aggregation
territories may interfere with the establishment of transient Ca2þ
gradients that enhanced orientation in the cAMP gradient associa-
tion with the front of such wave (Scherer et al., 2010; Lusche et al.,
2011; Wessels et al., 2012). Indeed, in a microﬂuidic chamber, the
optimum Ca2þ concentration in the source ﬂow channel “a” had
been determined empirically to be 10 mM Ca2þ (Scherer et al.,
2010). Hence, 10 mM Ca2þ throughout a natural aggregation
territory would mask transient Ca2þ gradients formed between
cells in response to relayed cAMP waves.
We therefore lowered the concentration of Ca2þ in the sup-
porting solution of natural aggregation territories from 10 to
5 mM, and indeed obtained directionality of wild type cells that
was similar to that previously obtained in the supporting medium
of natural aggregation territories containing facilitating concen-
tration of monovalent cations (Lusche et al., 2011; Wessels et al.,
2012). The centroid tracks of Ax3 cells in 5 mM Ca2þ (Fig. 5D)
reﬂected the higher level of directionality towards the aggregation
center, resulting in an average angle of the net direction of control
cells towards aggregation centers of 217101, versus 41727 in
10 mM Ca2þ (compare Fig. 5C and F). In contrast, htt cells
undergoing aggregation in 5 mM Ca2þ buffer still exhibited more
randomly directed tracks (Fig. 5E) and an average angle of net
direction towards the aggregation centers of 537101, similar to
that in 10 mM Ca2þ (Fig. 5C and F). Our results in 5 mM Ca2þ
buffer, therefore, suggested that although htt cells relay cAMP
waves normally and responded chemokinetically to these waves,
as demonstrated by the peaks in velocity plots, they exhibited a
dramatic decrease in their capacity to reorient in the direction of
Fig. 3. htt cells exhibit normal ﬂow-directed motility in the absence of a chemotactic gradient, in a microﬂuidic chamber. (A and B) Representative stacked perimeter tracks
of cells of parental strain Ax3 and the mutant htt respectively, generated at 8 s. intervals by 2D-DIAS. Arrows are described in the legend to Fig. 1. (C) Quantitation of
behavior parameters. Values are presented as means7standard deviation. See legend to Fig. 1 for abbreviations.
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the aggregation center in the front of each wave, a response which
appears to be facilitated by transient Ca2þ gradients induced by
the front of the cAMP wave.
htt cells are defective in chemotactic orientation in natural waves
generated in majority control cell populations
If htt cells are defective in responding to transient Ca2þ
gradients at the front of each natural wave in a homogeneous
mutant population, then when seeded as minority cells in a majority
population of Ax3 cells undergoing aggregation, mutant cells should
not reorient towards the aggregation center in the front of each
successive wave, as would be the case for neighboring majority Ax3
cells. To test this prediction, growth phase htt cells that had been
vitally stained with DiI were starved for 1 h in buffer containing
5 mM Ca2þ and then mixed with similarly treated unstained Ax3
cells at a ratio of 1:9, respectively. The mixture was then dispersed on
a plastic substrate in a submerged culture (Wessels et al., 2007, 2012;
Lusche et al., 2012) in buffer containing 5 mM Ca2þ . Under these
conditions, the outwardly moving cAMP waves relayed by Ax3 cells
and the putative, transient extracellular Ca2þ gradients released by
Ax3 cells in response to the onset of each cAMP wave, would be
experienced by minority htt cells.
Representative centroid tracks of ﬁve randomly selected unla-
beled majority Ax3 cells (black centroid paths) and four randomly
selected representative neighboring DiI-labeled minority htta
cells (red centroid paths) aggregating in a mixed culture, at the
same distance from the aggregation center, are presented in
Fig. 6A. The representative majority Ax3 cells progressed in a
rhythmic and directional manner towards the aggregation center
(Fig. 6A and B). Individual htta cells also responded rhythmically
to the successive cAMP waves relayed by the majority wild-type
cells, demonstrating that chemokinectically, they were still normal
(Fig. 6B). However, htt cells exhibited defective orientation
(Fig. 6A). Orientation in the front of each wave was measured as
diagramed in Fig. 5G. While the average angle of wild type cells
towards the aggregation center was 237101, that of htta cells
was 617171 (Fig. 6C). The difference in orientation was highly
signiﬁcant (p-valueo0.000). These results demonstrate that in a
natural aggregation territory of control cells, minority htt cells
are chemokinetically responsive to the cAMP waves relayed by
majority wild type cells, but defective in reorienting at the onset of
each natural wave generated by majority Ax3 cells, an orientation
process we have suggested (Scherer et al., 2010; Lusche et al.,
2012; Wessels et al., 2012) is facilitated by chemotaxis up a steep
transient Ca2þ gradient generated between majority cells in
response to the onset of each cAMP wave.
Huntingtin also plays a role in Kþ facilitated cAMP chemotaxis
As noted, efﬁcient cell motility and chemotaxis in a spatial
gradient of cAMP generated in vitro can be facilitated either by
Ca2þ at an optimum concentrations of 5–10 mM, or by Kþ at an
optimum concentration of 40 mM (Lusche et al., 2009). Because
huntingtin has been implicated in Ca2þ homeostasis in human
cells (Giacomello et al., 2013; Mattson, 2007), we originally
analyzed its role in cell motility and cAMP chemotaxis in facilitat-
ing concentrations of Ca2þ . We found that huntingtin played no
measurable role in Ca2þ-facilitated chemotaxis in a spatial gra-
dient of cAMP in vitro, and expected that it would also play no role
in Kþ-facilitated cAMP chemotaxis in vitro. Surprisingly, a test of
this expectation proved incorrect. In contrast to persistent and
Fig. 4. htt cells fail to chemotax in a spatial gradient of Ca2þ gradient generated in a microﬂuidic chamber. A stable Ca2þ gradient was generated in the area of analysis
(Fig. 2A) by pumping TB containing 10 mM Ca2þ through the ﬂow a channel and TB alone through the ﬂow b channel. (A and B) Representative stacked perimeter tracks of
cells of parental strain Ax3 and the mutant htt , respectively generated at 8 s. intervals by 2D-DIAS software. The large arrows indicate the direction of the Ca2þ gradient.
(C) Quantitation of behavior parameters. See legend in Figs. 1 and 2 for abbreviations. Values are presented as means7standard deviations.
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highly directed motility of parental Ax3 cells (Fig. 7B) up a spatial
gradient of cAMP generated in buffer containing 40 mM Kþ in a
gradient chamber (Fig. 7A), htt cells of both mutant strains did
not undergo chemotaxis (Fig. 7C). Mutant htta and httb cells
exhibited dramatically reduced instantaneous velocity, reduced
proportions of cells with instantaneous velocities of Z9 mm per
min, respective CIs of þ0.0570.42 and þ0.0270.33 (0.00 reﬂects
no chemotaxis), and respective percent cells with positive chemo-
tactic indices of 56% and 48% (50% reﬂects no chemotaxis)
(Fig. 7D). These results demonstrate that although huntingtin
plays no role in Ca2þ-facilitated cAMP chemotaxis in vitro, it is
essential for Kþ-facilitated cAMP chemotaxis.
htt cells are defective in actin localization and polymerization
in response to cAMP in Kþ buffer
It was previously demonstrated that rapid replacement
of nutrient medium with low ionic strength buffer induced
immediate rounding of htt cells (Myre et al., 2011). In addition,
phalloidin staining under these conditions revealed that F-actin
redistributed from pseudopods and the cortex into the cytosol.
Parental Ax3 cells, in contrast, did not undergo this rapid shape
change in response to low ionic strength buffer and F-actin
remained in pseudopods and the cortex (Myre et al., 2011). Here,
we tested if actin localization and polymerization were also
Fig. 5. Orientation at the onset of successive cAMP waves during natural aggregation is defective in homogeneous populations of htt cells in natural aggregation territories.
Cell populations were analyzed in submerged cultures on plastic. (A and B) Upper portion of each panel shows centroid tracks in buffer containing 10 mM Ca2þ of four
representative Ax3 in a homogeneous population of Ax3 cells and four representative htt cells, respectively. (D and E) Upper portion of each panel shows centroid tracks in
buffer containing 5 mM Ca2þ of four representative Ax3 and four representative htta cells, respectively. Filled cell images are presented at the beginning of each numbered
centroid track in panels A through D. Velocity plots of two representative Ax3 and htt cells at the bottom of each panel show periodicity of velocity peaks, reﬂecting
chemokinetic surges in front of sequential relayed waves. Location of the aggregation center (Agg center), identiﬁed as the point in a natural aggregation territory to which
cells achieve net directed translocation, is indicated in panels A–D. (C and F) Orientation angles at the front of a wave of Ax3 and htt cell population in 10 mM or 5 mM
Ca2þ , respectively. (G) Method for determining orientation angle in the front of each cAMP wave. Small arrow between the two lines is the measured orientation angle.
Values are presented as means7standard deviations.
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defective in aggregation competent htt cells in the Kþ-based
buffer BSS (Lusche et al., 2012). Cells were starved in BSS to induce
aggregation competence, ﬁxed and then stained with Alexa 488
conjugated phalloidin that recognizes F-actin. As seen in Fig. 8A
(arrows), F-actin stained intensely in the anterior pseudopodia of
polarized parental Ax3 cells, with minor cortical staining along the
cell body and minor punctate staining in the cytoplasm, as
previously reported (Hall et al., 1988; Condeelis et al., 1988;
Wessels et al., 1989; Patel and Barber, 2005). Under the same
conditions, phalloidin staining revealed that htt cells were less
elongate and poorly polarized. Phalloidin staining also revealed
that in htt cells, actin was localized in a number of small
extensions around the cell periphery, as well as in the cytoplasm
(Fig. 8B).
In response to global stimulation with a high concentration of
cAMP (1 μM), aggregation competent cells stop translocating and
exhibit a signiﬁcant increase in roundness (Wessels et al., 1989), a
behavioral response referred to as the “cringe” (Futrelle et al.,
1982). The cringe response correlates with a rapid peak in relative
F-actin 10 s after the rapid addition of cAMP, during which time
F-actin is recruited into the cortex (Condeelis et al., 1988; Wessels
et al., 1989). Since htt cells are severely defective in cAMP
chemotaxis in Kþ-based buffer, we performed an In-Cell Western
(www.licor.com) to quantify the actin response to cAMP following
global stimulation with cAMP in the Kþ-based buffer. Consistent
with previous reports (Condeelis et al., 1988), control Ax3 cells
showed approximately a 3-fold (2.771.9) increase in polymerized
actin (relative F-actin) in response to cAMP (Fig. 8C). In contrast,
there was no increase in F-actin (1.170.3) in identically treated
htt cells (Fig. 8C). The difference in relative F-actin in response to
cAMP between Ax3 and htt was signiﬁcant (p¼0.001).
Defective htt behavior is a phenocopy of nhe1 behavior
Chemotaxis of wild type D. discoideum cells in a spatial gradient
of cAMP can be facilitated by either monovalent cations or the
Fig. 6. Minority htt cells fail to orient accurately at the onset of natural cAMP waves generated by majority Ax3 cells. Populations consisting of 90% Ax3 cells and 10% htt
cells were analyzed in submerged cultures on plastic. (A) Centroid tracks of representative majority wild-type Ax3 (black) and neighboring minority DiI-labeled htt cells
(red) migrating towards the aggregation center (Agg. center) in response to cAMP waves generated by majority Ax3 cells. Filled cell outlines are presented at the beginning of
each corresponding, numbered track. (B) Instantaneous velocity plots of a representative wild-type Ax3 cell (black) and two neighboring htt cells (red) show coordinated
periodic movement by htt cells in the fronts of successive cAMP waves generated by majority Ax3 cells. (C) Average angle of orientation of Ax3 and nieghboring htta cells
in the fronts of successive cAMP waves generated by majority Ax3 cells. Angles were calculated as described in Fig. 5G, and presented as means7standard deviations.
p-value was calculated using the Student's T-test.
D. Wessels et al. / Developmental Biology 394 (2014) 24–38 31
divalent cation Ca2þ (Lusche et al., 2009, 2011). The facilitation of
motility and cAMP chemotaxis by the former, but not the latter, is
mediated by the plasma membrane protein Nhe1 (Lusche et al.,
2011), a putative monovalent cation/Hþ exchanger (Patel and
Barber, 2005). Interestingly, the defects in motility and cAMP
chemotaxis exhibited by htt cells in a facilitating concentration
of a monovalent cation were similar to the defects exhibited by
mutant nhe1 cells in the same buffer (Lusche et al., 2011). If Nhe1
and huntingtin were both necessary for the regulation of cation-
facilitated behaviors, then one would also expect mutant nhe1
cells to be defective in Ca2þ chemotaxis, but normal for Ca2þ-
dependent ﬂow-directed motility, as is the case for htt cells.
These behavioral characterisitcs were not tested in our previous
study of the nhe1 mutant (Lusche et al., 2011). We therefore
tested Ca2þ chemotaxis and ﬂow-directed motility of nhe1 cells
in a Ca2þ gradient generated in a microﬂuidic chamber. Just as was
the case for htt cells, nhe1 cells did not undergo Ca2þ chemo-
taxis, exhibiting an average CI of 0.0070.30 and a percent positive
chemotaxis parameter of 58%, but retained ﬂow-directed move-
ment with a rightward directionality measure of 0.4570.37
(Fig. 9A and B). Therefore, just as in the case of htt cells, nhe1
cells underwent Ca2þ-facilitated cAMP chemotaxis (Lusche et al.,
2011), did not undergo Kþ-facilitated cAMP chemotaxis (Lusche
et al., 2011), underwent Ca2þ-dependent ﬂow-directed motility
and did not undergo Ca2þ chemotaxis.
Because the behavioral defects of nhe1 cells were the same as
those of htt cells, and Nhel was shown by Patel and Barber (2005)
to localize predominately at the plasma membrane at the front of
the cell, in the pseudopodial region, and to a lesser extent in the
cytosol of the cell body, we tested weather Nhel distribution was
altered in htt cells. A Nhel–GFP fusion construct was generated,
as described in the Methods, in which GFP was fused to the
carboxy terminus of the Nhel protein. The plasmid was trans-
formed into parental Ax3 and htt cells. In starved Ax3 cells
(Fig. 9C), Nhe1–GFP localized to the anterior pseudopod, with
minor distribution at the plasma membrane and intracellular
vesicles of the cell body. The nucleus abutted the pseudopod–
cytoplasm interface, directly posterior to the region of Nhe1
localization (Fig. 9C). This pattern was in stark contrast to the
localization of Nhe1–GFP in htt cells (Fig. 9D). In the latter case,
Nhe1–GFP was localized in the center of the cell, behind the
nucleus. To be sure that tagging Nhel with GFP at the carboxy
terminus did not affect function, we transformed nhel cells with
the Nhel–GFP fusion and tested whether it rescued the chemotaxis
defect in a Kþ-based buffer. Transformed cells were fully rescued.
The C.I. of original control Ax2 cells was þ0.6870.10 (N¼12), that
Fig. 7. htt cells fail to exhibit Kþ-facilitated cAMP chemotaxis. (A) Diagram of the Zigmond chemotaxis chamber (Zigmond, 1977; Varnum and Soll, 1984), in which the sink
trough was ﬁlled with 40 mM Kþ buffer and the source trough with 40 mM Kþ buffer containing 1 μM cAMP. (B and C) Representative stacked perimeter tracks of cells of
parental strain Ax3 and the mutant htt , generated at 8 s. intervals by 2D-DIAS. (D) Quantitation of chemotaxis parameters, presented as means7standard deviations or
percent. See legend to Fig. 1 for abbreviations.
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of nhe1 mutant cells þ0.0770.25 (N¼15), and that of the
nhe1:Nhe1–GFP transformant þ0.6570.30 (N¼26).
Discussion
Because Htt has been shown in human cells to be involved in
Ca2þ homeostasis and D. discoideum IplA, a gene with functional
similarities to Ins P3R1 (Traynor et al., 2000), has been shown to be
intimately involved in Ca2þ-dependent ﬂow-directed motility and
Ca2þ chemotaxis (Lusche et al., 2011), we analyzed four cation-
related receptor-mediated behaviors in mutants of the D.discoi-
deum ortholog of the human HTT gene (Fig. 10), expecting to ﬁnd
defects in the two Ca2þ-related behaviors. All four behaviors are
induced through surface receptors, resulting in cell polarization
and directed movement, either up a gradient of chemoattractant
or in the direction of the shear force of ﬂuid ﬂow. All involve
common behavioral responses. These include (1) receptor-
mediated, directed cell translocation; (2) suppression of lateral
pseudopod formation; (3) increased velocity and directional per-
sistence; and (4) cell elongation, or polarization. All of these
behaviors depend upon the continuous reorganization of the
cortical actin–myosin cytoskeleton (Fig. 10) (Cramer, 2010) and
presumably complex upstream signal transduction pathways that
can include phosphatidylinositol phosphates (Weiger and Parent,
2012).
A major and presumed common target of all four behaviors
studied here is the phosphorylation–dephosphorylation cycle of
myosin II heavy chain, which results in depolymerization–poly-
merization (Murphy and Egelhoff, 1999), respectively, of cortical
myosin II. This cycle is involved in changes in cortical architecture
necessary for cellular translocation, lateral pseudopod suppression
and directionality (Egelhoff et al., 2005; Vicente-Manzanares et al.,
2008; Soll et al., 2009). Surprisingly, the myosin phosphorylation–
dephosphorylation cycle appears to be regulated by different
myosin heavy chain kinases in the alternative behaviors we have
assessed. In an analysis of null mutants of the four identiﬁed
myosin heavy chain kinases (mhckA , mhckB , mhckC , mhckD
and mhckA B C) (Kolman et al., 1996; Yumura et al., 2005;
Steimle et al., 2001), we found that none were essential for either
Ca2þ-facilitated or Kþ-facilitated chemotaxis in a spatial gradient
of cAMP (Wessels et al., 2012). Two, however, mhckA and mhckC,
were essential for Ca2þ-dependent ﬂow-directed motility, Ca2þ -
chemotaxis and natural aggregation (Wessels et al., 2012). We
therefore further hypothesized that IplA and Htt would be func-
tionally intertwined in Ca2þ-dependent ﬂow-directed motility and
Ca2þ chemotaxis, and regulate these Mhcks. The results presented
here, however, demonstrate that this expectation does not hold
true. Instead we found that D.discoideum htt and the monovalent
cation/Hþ exchanger Nhe1 were essential for Kþ-facilitated cAMP
chemotaxis (Fig. 10B) and Ca2þ chemotaxis (Fig. 10D), but not
Ca2þ-facilitated cAMP chemotaxis (Fig. 10A) or Ca2þ-dependent
ﬂow-directed motility (Fig. 10C). Although both IplA and Htt in
addition to Nhe1, were essential for Ca2þ chemotaixs (Fig. 10D),
IplA, but not Htt, was essential for Ca2þ-dependent ﬂow-directed
motility (Fig. 10C). In Fig. 10E, we have developed a table of the
Fig. 8. In Kþ-facilitating buffer, huntingtin-deﬁcient cells show mislocalization of F-actin and fail to polymerize actin in response to cAMP. F-actin localization in Ax3 (A) and
htt cells (B) starved in a Kþ facilitating buffer, ﬁxed with 4% paraformaldehyde, stained using Alexa 488 phalloidin and mounted in Vectashield. (C) F-actin quantitation by
the In-cell Western method for Ax3 and htt cells before () and after (þ) global stimulation with 106 M cAMP. “Relative actin” is the ratio of the general brightness of
F-actin staining after and before the addition of cAMP in Kþ-buffer. The brightness and contrast of the images were adjusted in Photoshop using identical settings for
parental and mutant cells. N, the number of individual samples tested. p, the p value using the student test. Scale bar represents 10 mm.
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dependencies of the four behaviors on the cAMP receptor, Nhe1,
IplA and Htt. With the exception of the cAMP receptor, mutants in
all of these components have been analyzed by the same condi-
tions developed in our laboratory for the four cation-dependent
behaviors, and by the same motion analysis software program,
DIAS (Soll, 1995; Soll and Voss, 1998; Soll et al., 2009; Wessels
et al., 2009). It is evident that the essential role of Nhe1, not IplA,
correlates with the essential role of Htt in two of the four
behaviors (Fig. 9E). These results suggest that they both play a
role in a process common to the two behaviors. The observation
that both htt (Myre et al., 2011; Wang et al., 2011b; data
presented here) and nhe1 cells (Patel and Barber, 2005; Lusche
et al., 2012; data presented here) exhibit abnormalities in cell
polarization, actin localization as well as cAMP induced actin-
polymerization, and that Nhe1 is delocalized in the htt mutant,
suggest that both are necessary for normal actin–myosin
localization in these two common behaviors, and that Nhe1
depends directly or indirectly on Htt for localization in an anterior
pseudopod. We did not expect to ﬁnd that Htt was essential for
Kþ-facilitated cAMP chemotaxis, but not Ca2þ-facilitated cAMP
chemotaxis, given the association of huntingtin with Ca2þ home-
ostasis in human cells (Cattaneo et al., 2005). Paradoxically, our
results indicate that Nhe1 and Htt are essential for Ca2þ chemo-
taxis, which is mediated by the putative Ca2þ channel, IplA, and
targets the myosin heavy chain kinases, MhckA and MhckC, for
reorganization of the cytoskeleton during directed motility.
Concluding remarks
The results obtained here in a model system provide us with a
potential road map for elucidating possible behavioral defects
caused by a dysfunctional Htt in human neurons. We must next
Fig. 9. Mutant nhe1 cells, like htt cells, fail to undergo Ca2þ chemotaxis. Moreover, Nhe1–GFP mislocalizes in htt cells. (A) Representative stacked perimeter tracks of
nhe1 cells in a spatial gradient of Ca2þ generated in a microﬂuidic chamber. Compare this defective response with that of Ax3 and htta cells in Fig. 4A and B, respectively.
(B) Quantitation of Ca2þ chemotaxis parameters. See legend to Fig. 1 for explanation of abbreviations. (C) Localization of Nhe1–GFP in control Ax3 and mutant htta cells.
Nuclei were stained with DAP1 and image-intensiﬁed, in order to assess the location of Nhe1–GFP in relation to the nucleus. Dotted edges reﬂect the location of the leading
edge of each cell. Scale bar represents 10 μm.
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ﬁnd out if the D. discoideum behaviors distinguished here have
behavioral correlates in human neurons, and if they do, if hun-
tingtin plays a role in select behaviors, as it does in D. discoideum.
We must also test whether the functions of huntingtin and a
human monovalent cation/Hþ exchanger are functionally inter-
twined with Htt in select behaviors, as they are in D. discoideum.
Materials and methods
Strain maintenance, growth and development
The parental Ax3 strain and two independent htt isolates
(htta and httb), described previously (Myre et al., 2011), were
maintained in HL-5 medium (http://dictybase.org) in Petri
plates. htt strains were grown in 10 μg/ml of Blasticidin S
(Sigma-Aldrich, St. Louis, MO). Aggregation competent amoebae
were developed on ﬁlter pads saturated either with BSS buffer
containing 40 mM Kþ as the facilitating cation (20 mM KCl,
2.5 mM MgCl2, 20 mM KH2PO4 and 5 mM Na2HPO4, pH 6.4) or
with 20 mM MES containing 5 or 10 mM Ca2þ as the facilitating
cation for behavioral assays as previously described (Scherer et al.,
2010;Varnum et al., 1986).
Analysis of cAMP chemotaxis in the Zigmond chamber
Methods for the analysis of cAMP chemotaxis in the Zigmond
chamber (Fig. 1A) were described elsewhere in detail (Varnum and
Soll, 1984) with minor modiﬁcations. Cells were harvested at the
onset of aggregation, washed in MES buffer supplemented with
10 mM Ca2þ or in 40 mM Kþ , and a dilute suspension distributed
across the bridge of the chamber. A gradient was generated by
Fig. 10. Models for the roles of select components analyzed in this and previous studies that used the same techniques and discriminated between monovalent cation-
faciltitaed behaviors and Ca2þ-faciltated behaviors. (A) Ca2þ-facilitated cAMP chemotaxis. (B) Kþ-facilitated cAMP chemotaxis. (C) Ca2þ-dependent ﬂow-directed motility.
(D) Ca2þ chemotaxis. (E) Table of behavioral dependencies. It should be noted that the absence of a dependency by ﬂow directed motility and Ca2þ chemotaxis on the cAMP
receptor is assumed, but not experimentaly demonstrated. The point in the general scheme where Nhe1 and Htt function in the general regulatory scheme, including the
signal transduction pathway and behavioral response, has not yet been elucidated.
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ﬁlling one trough bordering the bridge with the appropriate buffer
and the other with the same buffer containing 1 μm cAMP.
Analysis of cAMP chemotaxis, ﬂow-directed movement in a
microﬂuidic chamber and Ca2þ chemotaxis in a microﬂuidic chamber
The custom-built microﬂuidic chamber and methods for devel-
oping cells (Fig. 2A) were described elsewhere in considerable
detail (Scherer et al., 2010). Brieﬂy, to generate a cAMP gradient in
the microﬂuidic chamber (Fig. 3A), reservoir ‘a’ was ﬁlled with TB
containing 10 mM Ca2þ (Ca2þ–TB) containing 1 μm cAMP and
reservoir ‘b’ with Ca2þ–TB alone. To measure ﬂow-directed
motility alone, Ca2þ–TB was delivered in both ﬂow “a” and “b”
channels. To measure Ca2þ chemotaxis, Ca2þ–TB was delivered in
the ﬂow “a” channel and TB alone in the ﬂow “b” channel. The
chamber was primed and pumps programmed to deliver solutions
at a rate of 15 μl per min through the channels (Scherer et al.,
2010).
Analysis of behavior during natural aggregation
The behavior of pure populations of Ax3 and htt cells in
response to endogenously generated natural cAMP waves was
analyzed in submerged cultures aggregating on the plastic surface
of a 35 mm Petri dish as previously described (Escalante
et al., 1997; Wessels et al., 2009, 2012). The Petri dish was placed
on the stage of an inverted microscope and left undisturbed for 4 h
in the case of Ax3 control cells and 5 h in the case of htt cells.
Images were then acquired through a 10 objective at an interval
of 20 s for 3-4 h.
To measure the response of htt cells to cAMP waves generated
by control Ax3 cells, mixing experiments were performed accord-
ing to methods previously described in detail (Lusche et al., 2012;
Wessels et al., 2012). Brieﬂy unlabeled, exponentially growing Ax3
cells were washed, mixed with the DiI-labeled, pre-starved (1 h)
htt cells at a ratio of 9:1 and plated in a 35 mM Petri dish. The
dish was placed on the stage of a Nikon Eclipse TE2000 micro-
scope connected to a Bio-Rad Radiance 2100MP laser scanning
confocal microscope (Bio-Rad Microscience, Ltd., Hemel Hemp-
stead, UK) controlled by LaserSharp 2000 software. Image acquisi-
tion, every 30 s, was started 4 h later through a 10 objective,
using the HeNe laser at 543 nm until aggregation was completed.
DIAS analysis of behavior
Cell behavior was analyzed at 15 s intervals for motility para-
meters using 2D-DIAS software (Soll, 1995; Soll and Voss, 1998;
Wessels et al., 2009). “Instantaneous velocity” (IV) was computed
as the average centroid velocity for two consecutive intervals
(Maron, 1982). The “chemotactic index” (C.I.) was the net distance
traveled in the direction of the source of chemoattractant divided
by the total distance traveled. Similarly, “rightward directionality”
was the net distance traveled towards the right (direction of ﬂow
in the microﬂuidic chamber) divided by the total distance traveled.
Values given are the mean (7standard deviation) computed for
the population.
Immunﬂuorescence of F-actin
To examine actin localization, cells were starved in 40 mM Kþ
buffer (BSS; Lusche et al., 2012) until the onset of aggregation
according to methods described elsewhere in detail (Lusche et al.,
2012) and ﬁxed in 4% paraformaldehyde as described elsewhere in
detail (Wessels et al., 2004). Cells were stained Alexa Fluor™ 488
conjugated phalloidin (Life Technologies Incorporated, Carlsbad,
CA, USA). Coverslips were mounted on slides with Vectashield
(Vector Laboratories, Inc., Burlingame, CA). F-actin localization was
visualized with a Nikon Eclipse TE2000 microscope connected to a
Bio-Rad Radiance laser scanning confocal microscope (Bio-Rad
Microscience Ltd., Hemel Hempstead, UK).
Measurement of F-actin content in response to cAMP
To measure changes in F-actin content in response to cAMP,
growth phase cells were starved on ﬁlter pads in 40 mM Kþ (BSS)
buffer as described elsewhere in the Methods. At the onset of
aggregation, cells were rinsed from ﬁlters in BSS, washed 3 times
in BSS and the ﬁnal pellet resuspended in 5 mL of BSS. The volume
of cell suspension that yielded 2000 cells/mm2 was inoculated into
a series of wells in a 96 well plate. Cells were allowed to adhere to
the bottom of the well for 5 min and the supernatant removed.
Fresh BSS was added to half the wells and BSS containing 1 μm
cAMP to the other half. After 30 s, the solutions were removed and
replaced with ﬁxative containing 4% paraformaldehyde in 10 mM
MES pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA and 0.02%
saponin. After 20 min at room temperature, the ﬁxative was
removed from the wells and the ﬁxed cells were washed three
times in phosphate buffer solution, pH 8.0, containing 100 mM
glycine. A stock solution of Alexa 680 phalloidin (Molecular
Probes, Eugene OR), prepared by dissolving 300U in 1.5 ml
methanol according to manufacturer's recommendation, was
diluted 1:1000 in PBS and added to each well for 45 min. The
phalloidin solution was then removed, wells were washed 3 times
in PBS and retained in 100 μl PBS for scanning. Plates were
scanned using the Li-Cor Odyssey Infrared Imaging System in the
Carver Center for Genomics, Biology Department, University
of Iowa.
Construction of GFP expression constructs
The full-length cDNA of nhe1 was ampliﬁed from aggregation
competent wild-type cells as described in Lusche et al., 2012.
A fragment was cloned into the Gateway entry plasmid pENTR-D
(Life Sciences, Carlsbad, CA) using primer nhe1 entryFW and nhe1
GFPrv and sequenced. To create a C-terminal Nhe1-GFP fusion
protein, recombination was conducted between plasmid pENTR-D-
NHE1 and pDM353 (Veltman et al., 2009) as described in Lusche
et al. (2012). The resulting plasmid pDM353-Nhe1GFP was trans-
formed into wild-type Ax3, htt and nhe1 (Patel and Barber,
2005; obtained from dictybase.org) strains as described in Lusche
et al. (2011). Positive strains were selected by progressively
increasing the amount of G418 (Sigma-Aldrich, St. Louis, MO) from
20 μg/ml to 60 μg/ml in the presence of 10 μg/mL Basticidin S
(Gold Biotechnology, St. Louis, MO).
Nhe1–GFP localization
To examine Nhe1 localization, cells were ﬁrst starved on ﬁlter
pads in 40 mM Kþ (BSS) buffer as described elsewhere in detail
(Lusche et al., 2011; Wessels et al., 1989). Cells were washed from
ﬁlters at the onset of aggregation and a dilute suspension
inoculated onto a coverslip. Cells were then ﬁxed in 4% parafor-
maldehyde in PBS and stained with the anti-GFP antibody DSHB-
GFP-12E6 (Developmental Studies Hybridoma Bank, http://dshb.
biology.uiowa.edu, Iowa City, IA) followed by counterstaining with
Alexa 488 goat anti-mouse IgG (Life Sciences, Carlsbad, CA) as
described in great detail in Sanchez et al. (2014). Coverslips were
examined with the Bio-Rad Radiance 2100MP confocal microscope
and digital images acquired with identical settings on a Canon EOS
RebelT3i/EOS 600D SLR camera. All images were post-processed
using identical methods.
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